Abstract-Reservoir-induced seismicity is a very important issue in the study of geological analysis and ecoenvironmental impact assessment in hydraulic and hydropower engineering. On the other hand, reservoir-induced seismicity is a necessary consideration in the feasibility study of hydropower project. Due to the complexity in the process of reservoir-induced earthquake and the uncertainty of the influencing factor, the risk assessment can be viewed as a multiple-attribute decision process. Therefore, this paper aims to provide a forecasting approach towards reservoir induced seismicity, in which two phase procedures are proposed. The first stage utilizes analytic hierarchy process (AHP) to obtain the weights of influencing factors, in the second stage fuzzy comprehensive evaluation (FCE) is applied to determine the dangerous class which a reservoir belongs to. This study establishes a hierarchical model in reservoir-induced seismicity risk assessment, realizes the transformation from qualitative analysis to quantitative analysis. In addition, a case study is also presented to make this application more understandable. It shows that the multi-level fuzzy comprehensive evaluation is very effective in the reservoir induced seismicity risk assessment.
INTRODUCTION
Water resource is a clean and renewable energy, we utilize reservoirs to store water. Huge artificial reservoirs are created all over the world for generation of hydroelectric power, flood control and irrigation purposes. However constructing the water conservancy often covers a large geographical area, which influences the topographic features 、 hydrogeology and environment geology of reservoir and its surrounding regions.
Reservoir-induced seismicity (RIS) is a special engineering geological problem resulting from development of hydraulic resources, which occurred in reservoir and its peripheral. With more and more reservoirs have been and are being built in the world, reservoir-induced seismicity has received a great deal of attention from geoscientists mainly because of its potential to damage constructions and to cause human losses.
Previous researches focused on differential features analysis, origin mechanism and formation condition among several earthquake examples. Prof. Gupta, a worldfamous expert in reservoir-induced seismicity, investigated the formation condition and mechanism of RIS by analyzing the seismicity examples of Koyna reservoir in India, Nuek reservoir in Tajikistan, Lake Mead in America and Xinfengjiang reservoir in China in his classic study "Dam and Earthquake" [1] ; Denlinger studied geological environmental conditions related to RIS in Geysers reservoir in northern California of the United States [2] ; Simpson classified RIS into two major categories: water permeation and additional strain [3] ; Keith analyzed the relationship between RIS and crustal deformation in Nuek reservoir in Tajikistan [4] ; Vladut studied 120 cases of RIS which Ms lever is between 5.2 and 6.3 [5] ; Chadha investigated the relationship between RIS and water lever change [6] ; Edelman presented a rigorously derived analytical method to describe and interpret the low magnitude earthquakes caused by injection of the borehole fluids into surrounding porous reservoirs [7] .
With the accumulation of observation data of RIS, based on the preview works in this area, the most papers have been pursued by different investigators to relate different geological features with the occurrence of the RIS or to predict the magnitude of reservoir-induced earthquakes. Many prediction theories with different characteristics are proposed, such as geology and environmental method, Bayesian probability method, gray clustering method, patten recognition method and logic of information method. Habibagahi assessed the risk of RIS by RBF neural network [8] ; Fahjan forecasted the risk of RIS by the change of water [9] ；Ping Li analyzed the capacity of seismogenesis at active faults in the Three Gorges reservoir of the Yangtze river [10] ; Qifa Xia assessed seismic hazard according to engineering geology and earthquake geology [11] ; Qinyun Wang used probability analytic method and geological environment method to assess seismic hazard of the Three Gorges reservoir [12] ; Lihua Xu predicted the seismicity risk of Dan Jiangkou hydraulic engineering by using geological environment method and geodynamic method [13] ; With the instances of XiLuoDu and XiaoWan hydropower station, Houqun Chen established the database of RIS and predicted the seismic risk by using GIS technology [14] ; According to the record of the LiJiaXia reservoir-induced seismicity in 1998-2002, Xin Sun analyzed seismicity feature after the reservoir impoundment and then predicted seismic hazard in the future [15] ; Zongji Ma proposed a RIS prediction and evaluation model based on digital watershed [16] ; Qiuwen Zhang proposed a model to quantitatively predict and assess the reservoir induced seismic risk, the results are descried with contours of induced seismic risk probability [17] . More recently the theory of fuzzy sets has been used to evaluate the severity of RIS. So far, the cause and mechanism of the reservoir induced earthquake is a matter of speculation and requires further researches.
On the bases of above review of past researches, there are also some insufficient departments as follows:
In former studies, RIS factors have been considered as certain state. While in fact, different RIS factors play different roles in reservoir induced earthquake, and therefore it is not easy for us to give an indeterminate assessed result of RIS.
Several evaluation methods of RIS consider reservoir as a whole, and therefore only show the general prediction and evaluation result of the RIS in the reservoir. While in fact, since spatial environment of reservoir and its peripheral region is not homogenous, we should evaluate the risk with distributed assessment method.
In order to solve these problems, a quantitative and qualitative prediction new theory has been presented, which consists of AHP and FCE and applies this kind of multi-level fuzzy comprehensive evaluation theory in every divided prediction unit. This paper is organized as follows: In section 2, the evaluation framework is presented. In section 3, the AHP and FCE model approach to RIS risk evaluation is proposed. The case study is given in Section 4. Finally, Section 5 gives some conclusions and suggests some topics for future researches.
II. EVALUATION FRAMEWORK
Multi-level fuzzy comprehensive evaluation is an advanced method in which analytic hierarchy process (AHP) and fuzzy comprehensive evaluation (FCE) are integrated together. Based on the risk evaluation index system of reservoir-induced seismicity, the weights are improved by applying the analytic hierarchy process, then by using the fuzzy comprehensive multi-level evaluation method, the comprehensive value is calculated. The evaluation procedure in this paper consists of four steps summarized in Fig. 1 [18] .
Step1. Identifying evaluation criteria.
Step2. After constructing the evaluation criteria hierarchy, calculating the weights of criteria through applying AHP method.
Step3. Defining the evaluate matrix.
Step4. Conducting FCE method to achieve the final results.
The detailed description of each step is illustrated in the following sections.
III. THE AHP AND FCE METHODOLOGY

A. AHP Model
AHP is a systematized and hierarchical technique of the qualitative and quantitative analyses for helping people deal with complex decisions. Based on mathematics and psychology, it was developed by Thomas L. Saaty in the 1970s and has been extensively studied and refined since then [19] . The basic idea is to determine the relative importance through pairwise comparison after constructing a hierarchy which is expressed by quantification, then to establish judgment matrix and the relative weights in every layer with mathematical method from the lowest level to the level below, and finally to gain the weights in target layer. In evaluation target system, the position and effect of evaluation indexes are different. Weights express the relative importance between decision-making attributes, which dispense different assessment factors of evaluated objects quantitatively in comprehensive evaluation. The proposed AHP procedure of risk evaluation in reservoirinduced seismicity is defined as follows:
1) Construction of Assessment Indexes System
According to the investigation results of RIS in previous researches, this paper constructs the comprehensive evaluation system of RIS in two main factors such as water permeation-accumulation factor ( 1 U ) and strain energy accumulation-elimination factor ( 2 U ), and they are corresponding to six sub-factors such as rock (R), karst (K), fracture (F), crack (C), water load (W) and fracture angles of superimposed (A). Let U be the set of all induced earthquake indexes: shows remark from low to high level. This paper adopts four levers of earthquake scale, and takes n=4. Define remark set as: 
The decision problem consists of four levels: at the highest level, the objective of the problem is situated; while in the second level, the category are listed; in the third level, the attributes are listed; and the last level belongs to the alternatives [20] . The hierarchical structure of this forecasting model with the key factor and the earthquake scale is portrayed in Fig. 2 .
3) Establishment of Reciprocal Judgement Matrix
Establishment of reciprocal matrix can be description as follow: A frequently used scale is the 1-9 scale (Staay scale) which shows the participants' judgments or preferences among the options, such as equally important, weakly more important, strongly more important, very strongly more important, and extremely more important [21] ( Tab. II). The two parameters are equally important Parameter i is weakly more important than parameter j Parameter i is strongly more important than parameter j Parameter i is very strongly more important than parameter j Parameter i is extremely more important than parameter j 2, 4, 6, 8 Interval values between two adjacent choices reciprocal Less important level However, in many practical cases, the experts' preferences are uncertain and they are reluctant or unable to make numerical comparisons. Conventional 1-9 methods of scale have some shortages which may lead to deviation from the fact, so this paper identifies scale indirectly according to 0-2 methods of scale to improve these shortages [22] . Evaluation through pairwise comparisons between the rating levels for each criterion with 0-2 scale is much easier than 1-9 scale(Tab. III).
By calculating the importance order index 
4) Establishment of Weight Sets
Weight of every sub-factor is defined by membership degree of sub-factors to main factors. Saaty showed that eigenvector of one pairwise comparison matrix represented the local priority weights of the compared elements. Weight vector exerts a considerable influence in the accuracy of the model appraisal. 
After establishing the reciprocal matrixes, the weights of each lever of evaluation index can be ascertained by solving characteristic vectors of these matrixes.
The weight vectors have to be normalized into the range of [0, 1] by Eq. (8). 
5) Consistency Ratio
In order to control the result of the method, the consistency ratio for the hierarchy is calculated. The deviations from consistency are expressed by the following equation, and the measurement of inconsistency is called the CI [24] . max .
1
where max λ is the principal eigenvalue of the judgment matrix, and n is the order of the judgment matrix. The closer inconsistency index to zero, the greater the consistency. If the CR less than 0.10, the comparisons are acceptable, otherwise, the decision makers should go back and redo the assessments and comparisons. 
B. Fuzzy Nexus Matrix
where ij r is the subject nexus for evaluated objective to be grading j V for factor i U .
The closer membership degree ij r to 1, the greater the association with factor i U in j V . Many theories are applied to membership degree computation, such as fuzzy statistics, specialist grading and dualism-based comparing sorting. In this paper, the conditional probability has been applied to establish membership degree of risk evaluation of RIS, and the corresponding matrixes of membership degrees are gotten through different membership functions. In order to determine the fuzzy nexus matrix, this study takes the 323 assessment units of Geheyan reservoir in Qingjiang rive as the sample objects based on the primary data in [25] ,.
C. Comprehensive Evaluation of RIS
Fuzzy comprehensive evaluation theory evaluates the risk from the bottom layer by layer to the result of object hierarchy, and evaluation index of the k-th layer is membership degree of the k-1 layer. Therefore, fuzzy comprehensive evaluation can be got as follow:
• is a compound operator symbol in fuzzy matrix. There are four models in practice, such 
In the second level comprehensive evaluation, we have:
Therefore, the risk class of assessment units can be determined by means of using the maximum membership degree principle.
IV. CASE STUDY IN THREE-GORGE RESERVOIR
A multi-level fuzzy comprehensive evaluation approach to seismic risk assessment has been presented above. In this section, a case study is realized to prove its applicability and validity so as to make this approach more understandable for the decision-makers.
As case study, Three Gorges reservoir and its peripheral regions in the Yangtze River of China are taken into consideration. The Three Gorges reservoir and its peripheral regions have been divided into 1330 assessment units, and the entire environmental conditions of each unit are obtained. Take one of these units as subject, the condition of RIS factors show in Tab.VIII. By using the proposed model, we can assess and analyzes the seismic risk in this unit. After establishing the fuzzy nexus matrixes of the assessment unit by Bayes conditional probability, the normalized processing has been done. Results are showed in Tab. Ⅸ. below.
Fuzzy mapping which concerns the condition of RIS factor to the class of RIS has been defined by Bayes conditional probability. The first level comprehensive evaluation is shown below: According to the maximum membership degree principle, 0.3155 is the biggest size of membership degree which is corresponding to the danger class 3 V , so 3 V is the evaluation result. Some other cases result are shown in Tab. X. Reservoir-induced seismicity is a complex process, affected by many RIS factors. In this paper, a multi-level fuzzy comprehensive evaluation approach for risk evaluation of RIS which combines AHP with FCE was presented.
The study is important for several reasons. First, reservoir-induce earthquake is a very important aspect in risk evaluation of Hydraulic. With more and more reservoir projects being built, this problem becomes a hot spot of hydraulic engineering research. Second, although the adopted methodology of this paper is based on the work of [17] , one main improvement in the current study is regarding each of RIS factors not independent. They are interrelated, interaction and mutual checks, they effect jointly on reservoir-induced seismicity. Weight vector of evaluating index stands for the important degree of the different factors. Furthermore, in this approach, 0-2 scale theory was introduced into the establishment of reciprocal judgment matrix in order to improve the accuracy of judgments of decisionmaker. Considering possibility and probability in fuzzy event, Bayes conditional probability has been applied in establishment of membership grade.
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